The effects of the electric and magnetic field variation on multiferroic heterostructure were studied in this work. Thin films of polycrystalline Fe 50 Pt 50 (FePt) were grown by dc-sputtering on top of the commercial slabs of lead magnesium niobate-lead titanate (PMN-PT). The sample was a (011)-cut single crystal and had one side polished. In this condition, the PMN-PT/FePt operates in the L-T (longitudinal magnetizedtransverse polarized) mode. A FePt thin film of 20 nm was used in this study to avoid the characteristic broad microwave absorption line associated with these films above thicknesses of 40 nm. For the in-plane easy magnetization axis (01-1), a microwave magnetoelectric (ME) coupling of 28 Oe cm kV −1 was estimated, whereas a value of 42 Oe cm kV −1 was obtained through the hard magnetization axis (100). Insight into the effects of the in-plane strain anisotropy on the ME coupling is obtained from the dc-magnetization loops. It was observed that the trend was opposite along the easy and hard magnetic directions. In particular, along the easy-magnetic axis (01-1), a square and narrow loop with a factor of M r /M S of 0.96 was measured at 10 kV/cm. Along the hard-magnetic axis, a factor of 0.16 at 10 kV/cm was obtained. Using electric tuning via microwave absorption at X-band (9.78 GHz), we observe completely different trends along the easy and hard magnetic directions; Multiple absorption lines along the latter axis compared to a single and narrower absorption line along the former. In spite of its intrinsic complexity, we propose a model which gives good agreement both for static and microwave properties. These observations are of fundamental interest for future ME microwave components, such as filters, phase-shifters, and resonators. C The next generation of dual electric (E)-and magnetic (H)-tunable RF and microwave components, such as filters, attenuators, phase-shifters, and resonators, requires an improvement in the quality factor of the magnetoelectric coupling.
1,2 With this aim, the engineering of materials that simultaneously combines a large intrinsic piezoelectric and magnetostriction response becomes very attractive. However, it is also important to obtain a narrow ferromagnetic absorption line. 3, 4 Since the ferromagnetic frequency becomes a key metric in the design of microwave devices, the ferromagnetic resonance and linewidth have a critical role in determining the frequency bandwidth of these components. 5 In fact, due to the intrinsic incompatibility between strong ferroelectric and ferromagnetic orders, only few readily available single phase materials possess both characteristics, at room temperature. Thus, in the recent years it has been observed that layered composites combining ferrites with ferroelectric materials can be an alternative path to reach these demands. 6 Lead magnesium niobate-lead titanate (PMN-PT) is one of such material, displaying a giant strain Alloys of Fe with Pt are also of significant technological interest because of their unique magnetic properties. Thin films of these alloys grow in a metastable chemically disordered fcc phase (generally called A 1 phase) which has a similar value of the saturation magnetization of ordered L1 0 phase but a much smaller anisotropy and coercive field. 9 It is these characteristics of the A 1 FePt which render them desirable for RF/microwave devices. The thickness and temperature dependence of the dynamic magnetic behavior in A 1 FePt films were studied and reported by our research group elsewhere. 10 Briefly, annealing as-grown disordered FePt films at temperatures above 200
• C promotes the transformation to the L1 0 phase. This phase has large anisotropy which causes drastic changes in the microwave ferromagnetic resonance (FMR) spectrum of the resonance lines associated to the A 1 phase. For temperatures above 200
• C, the FMR absorption linewidth gradually broadens and the line intensity degrades significantly if the annealing temperature exceeded 300
• C. In fact, the line intensity decreases by more than 3 orders of magnitude for annealing temperatures up to 400
• C and is almost completely lost for annealing temperatures above 500
• C. 9 Furthermore, our research group reported 11 the microwave broadband magnetic properties of thin films of FePt alloy (in the chemically disordered fcc phase) with thicknesses ranging from 9 nm to 94 nm, where it was possible to observe a narrow ferromagnetic linewidth resonance in the frequency range up to 100 GHz. This was due to the fact that the magnetic domain structure in the form of stripes disappears at thicknesses below 40 nm. 11 A high saturation magnetostriction coefficient of FePt (∼34 ppm) 12 compares well with values ∼0.5 reported for FeGaB films (∼70 ppm) 13 which are well established magnetostrictive alloys that exhibit both large magnetostriction and low magnetic anisotropy at room temperature.
14 The strong piezoelectricity of PMN-PT and magnetostriction of FePt alloys make the composite an optimal combination for magnetoelectric coupling mediated by stress. Since the magnetoelectric coupling is mediated by stress in PMN-PT alloys, it is therefore instructive to study this effect along the two main easy and hard magnetization axes to enable future optimization of RF/microwave devices.
To understand the intrinsic microwave properties and magnetoelectric tunable response of (011)-cut PMN-PT/Fe-Pt, we have investigated the E-field and H-field variation of the magnetization through static magnetization loops and dynamic absorption microwave response at X-band (9.78 GHz). The measurements were done in-plane, along the easy (01-1) and hard (100) magnetization axes. In this work, a 20 nm thin film of FePt alloy (using a target with nominal 50/50 atomic composition, in the chemically disordered fcc phase) was grown by dc-sputtering on top of the one side polished (011)-cut PMN-PT commercial slab (with pre-prepared electrodes). Following the same protocol mentioned elsewhere, 10 the chamber was pumped down to a base pressure of 10
Torr and the film was sputtered using 3 mTorr of Ar pressure, a power of 20 W, and a target-substrate distance of 10 cm. With these parameters, we obtained a sputtering rate of 0.15 nm/s. The PMN-PT crystal was purchased from MTI Corporation, had a nominal thickness 0.05 cm, and was not poled. To improve the coupling between layers, the electrodes were grown by first sputtering a thin layer (5 nm) of titanium on each side of the PMN-PT slab, followed by 70 nm of silver layer electrodes on each side (see supplementary material for sample details and microstructure, Figure S1 ). The microstructure and surface magnetic domain structure of FePt films were studied with a Veeco Dimension 3100 AFM/magnetic force microscopy (MFM) with Nanoscope IV electronics. To characterize the structural crystallinity of the (011)-cut PMN-PT slab and FePt films, X-ray diffraction measurements (XRD) in θ − 2θ scans were carried out. Ferroelectricity was characterized using a commercial ferroelectric tester, Premier II. To reach high E-fields, we used a High-Voltage (10 kV) unit with a HVDM test fixture. A magneto-optic Kerr magnetometer was used for static magnetization loops acquisition. FMR spectra have been acquired at room temperature using a commercial Bruker ESP300 spectrometer at frequency ν = 9.78 GHz (X band). The samples were placed in the center of the resonant cavity, where the derivative of the absorbed power was measured using a standard field modulation and lock-in detection technique with amplitude of 20 Oe. The sample could be rotated inside the resonator in order to measure the resonance field for different orientations. ). The XRD data confirm that the rhombohedral phase is the main crystal structure of the (011)-cut single crystal PMN-PT ferroelectric slab. The XRD pattern measured in a control sample of relatively thick FePt film (100 nm) confirms the chemically disordered A 1 fcc phase with [111] texture (see supplementary material for details of X-ray patterns and structural information, Figures S3 and S4 , respectively 15 ). In-plane magnetization loops of the composite measured at room temperature shown in Fig. 1 confirm the strong anisotropic magnetoelectric (ME) coupling effect. Typical E-field magnetization loops measured along the easy (0 • ) and hard (90 • ) magnetization axes show the basic difference between both orientations. The E-field magnetization loops shown were measured using the following protocol: with the sample positioned in each respective orientation, the sample is initially poled at the maximum E-field value of −10 kV/cm. Next, the E-field is switched to the opposite value of +10 kV/cm and the magnetization loops were measured at each E-field value going forward from +10 kV/cm to −10 kV/cm. The field is then scanned from −10 kV/cm to +10 kV/cm. The squareness aspect ratio is defined as the remanent magnetization normalized by the saturation magnetization (M r /M S ). The difference between the easy and hard magnetization axes is striking. For the case of the easy axis ( Fig. 1(a) , E-field of 10 kV/cm and −3 kV/cm), a squarer shape aspect of the magnetization loops can be noticed. On the other hand, magnetization loops measured along the hard magnetization axis look flat and linear ( Fig. 1(b) , E-field of 10 kV/cm and −1 kV/cm). In both cases, these loops reveal a sharp and asymmetric change of the squareness factor ratio (Fig. 2) , which in case of the easy axis, range from 0.96 at 10 kV/cm to 0.5 at −3 kV/cm. When the E-field is swept between ±10 kV/cm, there is a change of a factor of 50%. Indeed, the variation of the squareness factor against E-field exhibited a butterfly curve, where the maximum squareness factor is reached at ±10 kV/cm and the minimum factor is obtained at ±2 kV/cm (Fig. 2(a) ). Similarly, the variation of the squareness factor against E-field along the hard magnetization axis also exhibits a butterfly curve. However, compared with the former case, the hard axis orientation has an opposite trend which can be noticed: a minimum value at ±10 kV/cm (M r /M S = 0.16) and a maximum value close to ±2 kV/cm (M r /M S = 0.63). In both cases, easy and hard magnetic axis orientations, Fig. 2 summarizes the variation of the squareness factor against E-field. The insets on the top of each graph in Fig. 2 show the ferroelectric hysteresis loop of this commercial PMN-PT slab. Sweeping the E-field from one of the electrical pole saturation state at ±10 kV/cm, toward the opposite pole saturation state at ∓10 kV/cm, it is possible to observe that the peaks of M r /M S are correlated in both cases with the initial flipping of the electrical dipoles in the polarization (P) curve. The strong in-plane anisotropic contribution of the ME coupling is also evidenced in the 2D plot of the E-field, H-field variation of the FMR absorption measurements seen in Fig. 3 (easy axis) and Fig. 4 (hard axis) . To conduct the FMR spectra measurements, the same protocol mentioned above for the E-field magnetic hysteresis loops was followed. In the FMR spectra, the resonance field (H 0 ) is defined as the field value in which the absorption derivative curve is crossing at zero. When the FMR measurements are carried out with H-field along the easy axis, a single absorption line is observed, with a peak-to-peak linewidth ∆H pp = 500 Oe. Also, the FMR lines are clearly resolved at high E-fields. However, its intensity is drastically reduced at negative E-field values closer to −3 kV/cm, which is closer to the initial dropping of the polarization curve showed in the inset of Fig. 2 . In spite of having observed similar trends along the hard axis orientation, the FMR spectra show broad and complex multiple absorption lines. In general, the absorption resonance profiles in this heterostructure are considerably broader than lines from the typical as-made fcc disordered FePt thin films. In the later case, as-made FePt thin films without any source of induced strain have shown single-line FMR linewidth with ∆H pp ∼ 140 Oe. 9 Note that even after pole, the PMN-PT/FePt at relatively low E-field produces irreversible changes in the FMR spectrum with linewidth in at least a factor 3 times larger (H-field profiles in Figs. 3 and 4) . In fact, this FMR linewidth broadening of the heterostructure can be explained due to the memory/ME strain texture effect after the initial pole of the as-made FePt film.
For both orientations, the E-field variations of H 0 butterfly curves are visualized in Fig. 2 . Along the easy axis orientation, H 0 values are lower than in the case of the hard axis orientation (Figs. 2(a) and 2(b), respectively). In agreement with the E-field variation of the squareness factor, along the easy axis orientation, the E-field variation of H 0 is showing a minimum value at ±10 kV/cm and maximum closer to zero E-field values. Along the hard axis orientation, H 0 is showing a maximum value at ±10 kV/cm, and minimum closer to zero E-field values. Just for a guide to the eye, the E-field loop variation of H 0 is superimposed in each case of Fig. 3 (easy) and Fig. 4 (hard) . For example, using the in-plane/easy-axis values of 910 Oe at 10 kV/cm and 1243 Oe at −2 kV/cm, the total resonance shift was 333 Oe, which gives a ME coefficient of 28 Oe cm kV −1 . In-plane/hard-axis values show a stronger ME coefficient. Using 1654 Oe at 10 kV/cm and 1185 Oe at −1 kV/cm, the total resonance shift was 469 Oe, which corresponds to a ME coefficient of 42 Oe cm kV −1 . In spite of this difference of ME coefficients, the easy axis FMR absorption lines are more clearly resolved lines with single and narrow shape. These ME coefficients are a factor of 3.2 and 2.2 against the respective one obtained for FeGaB/PZN-PT heterostructure, which in this case measured 94 Oe cm kV −1 , with an effective magnetic anisotropy field of 750 Oe and narrow FMR linewidth of 50 Oe at X-band. 13 Considering the in-plane FMR measurements along the easy and hard magnetization axes shown in Fig. 2 , from the E-field variation the effective magnetic anisotropy field (H k ) can be estimated from the difference between both orientations [H 0 (hard) − H 0 (easy)] E-field = [2H k ] E-field . 11, 16 Using this equation, a value of H k = 119 Oe is obtained at 1 kV/cm and H k = 403 Oe at 10 kV/cm. The detailed analysis of this fine line-shape structure is beyond the scope of this paper. Therefore, we use a simple model which provides information about the anisotropy field, H k obtained from the magnetoelastic relations:
13 19 and E is the electric field applied to the PMN-PT single crystal. Thus, using the latter equation, the calculated values are relatively larger than the estimated ones, with values of 185 Oe at 1 kV/cm and 1859 Oe at 10 kV/cm. These values are a factor 1.5 and 4.6 larger, respectively. The difference between the estimated and calculated values of H k can be attributed to the fact that its PMN-PT piezoelectric constant is no longer proportional to the electric field, and it is more accentuated at high electric fields.
The H k values were also estimated from the E-field dc static measurements, by analyzing the relative areas between the easy/hard magnetization axis loops. 20 The following values were estimated at each E-field strength of H k = 110 Oe at 1 kV/cm and H k = 436 Oe at 10 kV/cm. Indeed, these values are closer to the dynamic ones, respectively. Comparing the measured and theoretical H k values, one observes that the values obtained from X-band measurements are systematically smaller in all E-field values. A similar effect of decreasing the exchange bias values with the frequency in dynamic measurements was previously observed and explained by relaxation effects of stable and unstable magnetic grains. [21] [22] [23] Thus, E-field static and dynamic magnetization experiments allow a comprehensive understanding of the distinctive ME coupling and anisotropy field phenomena observed in this PMN-PT/FePt multiferroic heterostructure. Due to the ME coupling, it was observed that the memory/ME strain texture effect on the FePt thin film plays a key contribution in the broadening of the microwave absorption lines, larger than in the typical as-made FePt thin films with free-strain. The broadening of the FMR line suggests a major internal field dispersion in the FePt thin film which leads to an average reduction of the effective H k values.
In summary, the static and dynamic properties of PMN-PT-FePt multiferroic heterostructure system have been studied using E-field and H-field stimuli. Each measurement method revealed facets of the ME coupling and the effective anisotropy field induced by the E-field and mediated by stress. A clear electric tuning of the microwave FMR absorption was established. To obtain E-field reliable results, we found that following the protocol mentioned here is essential. The squareness aspect ratio of the hysteresis loops provides a simple measurement of the anisotropy field and the X-band measurements allowed the investigation of the ME coupling and effective anisotropy in the dynamic regime. The dynamic response and specific form of ME tuning effect reported in this work will be used for subsequent studies to provide knowledge of the possible applications of these materials in RF and microwave tunable devices.
